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LUBRICATING PROPERTIES OF SOME BONDED FLUCRIDE AND
OXIDE COATINGS FOR TEMPERATURE TO 1500° F

By Harold E. Sliney

SUMMARY

The lubricating properties of some experimental ceramic cocatings,
diffusion-bonded fluoride coatings, and ceramic-bonded fluoride coatings
were determined. The experiments were conducted in an air atmosphere at
a sliding velocity of 430 feet per minute and at temperatures from 75
to 1500° F.

Several ceramic coatings provided substantial reductions in fric-
tion coefficient and rider wear (compared with the unlubricated metals).
For example, a cobaltous oxide (CoO) base coating gave friction coeffi-
cients of 0.24 to 0.36 within the temperature range of 75° to 1400° F;
serious galling and welding of the metal surfaces were prevented. The
friction coefficients were higher than the arbitrary maximum (0.2) usu-
ally considered for effective boundary lubrication. However, when a mod-
erately high friction coefficient can be tolerated, this type of coating
may be a useful antiwear composition. Diffusion-bonded calcium fluoride
(CaF5) on Haynes Stellite 21 and on Inconel X gave friction coefficients
of 0.1 to 0.2 at 1500° F. Endurance life was dependent on the thermal
history of the coating; life improved with increased exposure time at
elevated temperatures prior to running. Promising results were obtained
with ceramic-bonded CalFz on Inconel X. Effective lubrication and good
adherence were obtained with a 3 to 1 ratio of Ca¥Fo to ceramic. A very
thin sintered and burnished film of Calp applied to the surface of this
coating further improved lubrication, particularly above 1350° F. The
friction coefficient was 0.2 at S00° F and decreased with increasing tem-
perature to 0.06 at 1500° F. It was 0.25 at 75° F and 0.22 at 2500 F.

A survey of the thermochemical properties of the halides was of con-
siderable aid in selecting metal halides that might be chemically stable
in air at 1500° F. Good correlation was obtained between predictions
based on thermodynamics and the results of experimental thermal stability
studies.



INTRODUCTION

High-temperature lubrication is a problem area in which the use of
bonded solid lubricants has been of considerable value. At about 500°
or €00° F most oils and greases show considerable oxidative or thermal
degradation; therefore, other types of lubricants are required.

A present design trend is to circumvent the high-temperature lubri-
cation problem by cooling the bearing surfaces or locating them at a con-
siderable distance from heat sources. Considerable simplification of
components and savings in space and weight would be derived by eliminat-
ing auxiliary cooling and by locating bearings as close to heat sources
as an optimum mechanical design would dictate. In many applications,
this could be accomplished if a bonded solid lubricant with good thermal
stability at temperatures of 1000° F and higher were used. This approach
appears especially appropriate in the design of components for space ve-
hicles and aircraft in which weight savings are important.

A reseaxch program on high-temperature dry film lubricants has been
conducted at the NASA Lewis Research Center. Ceramic coatings have been
the subject of considerable interest. In particular, compositions based
on lead monoxide (PbO) have shown considerable promise for use at tem-
peratures up to 1250° F (ref. 1).

The objective of the research reported herein was to explore the
feasibility of various oxide and halide coatings for use as dry film lu-
bricants at temperature to 1500° F. It was required that the coatings
be stable in air and of low volatility to 1500° F. These requirements
were imposed with the objective of developing lubricants that would be
effective over a large range of temperatures and altitudes. At low alti-
tudes (high oxygen partial pressure), oxidative stability is necessary;
at high altitudes (low oxygen partial pressure), vaporization rates be-
come important.

The report includes a description of a screening method, based on
thermodynamic concepts, that was employed in selecting metal halides for
study as experimental high-temperature solid lubricants. The correlation
obtained between thermodynamic predictions and empirical thermal stabil-
ity data is reported. The formulation, application, and lubricating
properties of three types of coating (ceramic, ceramic-bonded fluoride,
and diffusion-bonded fluoride) are described.

SELECTION OF MATERIALS
The first criterion used for selecting materials was good chemical

stability in air at 1500° F. It was further required that the materials
have a low vapor pressure at 1500° F, in order to ensure retention of
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the solid on the surfaces requiring lubrication. (A low vapor pressure
would not necessarily be required in sealed systems or in systems for
which the supply of lubricant could be continucusly replenished.) Other
properties of importance are high melting point, low water solubility
(when storage in moist atmospheres is likely), and crystal prcoperties
that are conducive to a low friction coefficient, such as the presence
of easily sheared lattice planes.

The chemical stability of halides in air can be estimated from their
thermochemical properties, particularly from the free-energy changes in-
volved in the decomposition of the halide to form the corresponding
oxide. A typical reaction of this type is:

1
Mz + 5 Oz = MO + Xg (1)

where M represents any divalent metal ion, and X represents any hal-
ide ion.

The mathematical expression used in calculating free-energy change
for (1) is

P(x2)

AFq = AFp + 2.3 RT log f?i?f}ji7§ (2)
2

where
R universal gas constant
T absolute temperature, °K

P(Xp) partial pressure of halogen gas, mm Hg

P(0;) partial pressure of oxygen, mm Hg

AFm free energy of reaction at a specified temperature (T) and
specified partial pressures of halogen gas and oxygen,
cal/g at. wt.

A ' standard free energy of reaction at a specified temperature
(Standard free energy of reaction applies to a reference state
in which the partial pressures are equal to unity. This gives
a logarithmic term in eq. (2) that is eqgual tu zero; i.e.,

AFm = AF%. For all other partial pressures, the logarithmic
term supplies the necessary correction for calculating a free
energy of reaction applicable to the specific pressures
involved. )



A positive AFp indicates that the reaction will not proceed to
the right, and conversion to the oxide cannot occur under the specific
conditions assumed in the calculations. A negative APp  indicates the
oxide is more stable than the halide and the reaction may proceed to the
right. Whether or not this occurs and, if so, at what rate, cannot be
predicted by thermodynamics. However, it is indicated that the poten-
tial for reaction exists; and, at elevated temperatures in particular,
an appreciable reaction rate is likely.

The standard free energies of formation for halides and oxides from
references 2 and 3 were used in calculating the standard free energies
of reaction given in figure 1. This figure gives the effect of tempera-
ture on AF3 for the conversion of a number of metal halides to the cor-
responding oxides. The order in which the curves appear gives a direct
indication of the relative oxidative stabilities of the halides at a
standard reference state. When the partial pressures of halogen gas and
oxygen are not unity, the curves are translated along the vertical axis,
but their relative positions remain unchanged for any given value of the

ratio oy, ) [P(0p)] 7%

In the reference state, all of the flucrides are stable with respect
to the corresponding oxides. Iron, cobalt, and nickel chlorides become
unstable at about 1500° F; the bromides and iodides are thermodynamically
unstable over the entire temperature range. (The apparent stability of
iron-group bromides and iodides at room temperature is attributable to
an extremely low reaction rate or a high activation-energy requirement
for conversion to the oxide.) However, at elevated temperatures in air
the iron, cobaltv, and nickel chlorides, bromides, and iodides can be ex-
pected to decompose to the oxide at an appreciable rate.

To test these conclusions, experiments were conducted in which the
thermal stabilities of some of the metal halides were studied. The re-
sults are given in table I. The compounds were heated in open air for
1 hour at the temperatures indicated, and X-ray diffraction studies were
made of the reaction products. The compounds are arranged in the table
in the order of decreasing stability. Good agreement exists between the
experimentally determined order given here and the order predicted by
the thermodynamic data of figure 1. SrFs, and CaF, were not converted to
oxides at temperatures up to 2000° F.

Although iron, cobalt, and nickel halides decompose in air at ele-
vated temperatures, they are stable in halogen-rich atmospheres. Nickel
bromide (NiBrp) and cobalt chloride (CoClz), in particular, have shown
much promise in reactive gas lubrication (ref. 4). In this technique
the metal halides are generated at the sliding surfaces by reaction of
nickel- or cobalt-base alloys with halogen-containing gaseous atmospheres.
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Figure 2 was constructed from data in reference 3 that give the ef-
fect of temperature on the vapor pressures of some halides of interest.
At any temperature, CaF,; has the lowest vapor pressure of the compounds
shown.

At 1500° F the vapor pressure of CaFo (extrapolated from the data
in fig. 2) is about 10-7 millimeter of mercury. At 1500° F, the vapor
pressure of NiFs is about lO‘Z, of NiCls about 30, NiBrz about 300
millimeters of mercury; and Nile sublimes at 1377° F. According to ref-
erence 5, atmospheric pressure is 10-7 millimeter at an altitude of
about 180 miles. Therefore, a relatively low sublimation rate would be
expected for CaFs at high temperatures and high altitudes. The high va-
por pressures of the nickel and cobalt chlorides and bromides severely
limit their usefulness as high-temperature solid lubricants for use in
open systems.

Table II gives some of the pertinent properties of the compounds
under discussion. At moderate temperatures, experience has shown that
low friction coefficients are obtained for metals lubricated with nickel
and cobalt chlorides and bromides. This is probably due to thelr crystal
structure, which is similar to that of graphite and MoSs. It is a lami-
nar, hexagonal structure with easily sheared basal planes. CaFp has a
cubic structure, but exhibits planes of easy cleavage (111 planes, ref.
6). The MXo type composition also may be expected to contribute to a
low-shear-strength structure (ref. 7).

FCORMULATION AND APPLICATION OF COATINGS

For convenience in discussing the application of ceramic coatings,
a number of terms will be used that are common to ceramics but not gen-
erally encountered in lubrication technology. A brief glossary is there-
fore included in the appendix to define a few of these terms as they are
to be interpreted for purposes of this report.

Formulation of Coatings

The metal oxide ceramic systems were formulated on the basis of
melting peoint (or softening range), vitrifying tendency, and thermal-
expansion coefficient. Melting points several hundred degrees above the
maximum use temperature, but below the melting point of the substrate
metal, were selected. A "glass-forming" oxide such as BpOz was included
to enhance the vitrifying tendency of the ceramic. A vitrification tend-
ency is desirable to promote the formation of a glaze on the wear track
of ceramic coating. (The friction and wear of metals in sliding contact
with ceramics generally decrease sharply when a glazed wear track forms



on the ceramic surface. See refs. 1, 8, and 9.) The compositions were
balanced to provide a thermal-expansion coefficient approximating that
of the base metal.

Melting points were estimated from the phase diagram for ceramic
systems found in reference 10, and approximate thermal-expansion cceffi-
cients were calculated from factors found in reference 11.

Preparation of Enamel Frits

The frits were prepared in the following manner. Reagent-grade pow-
ders were mixed in the desired proportion and ball-milled to a fine uni-
form mixture. The mixture was then melted in large porcelain crucibles
until a quiescent, uniform melt was obtained. The melt was slowly poured
into cold water to form friable shot-like globules, which were filtered,
dried, and finally ball-milled to pass a 200-mesh screen.

The preparation of frits is necessary to ensure homogeneity and to
exclude all volatiles prior to application of the enamel to a metal. For
instance, boric oxide (B20z) is introduced into a ceramic composition by
thermal decomposition of boric acid (H5BO3) to B20z and water, thus lib-
erating steam. This reaction causes bubbling in the molten ceramic and
would be extremely undesirable if it were allowed to occur during fusion
of the coating material toc the substrate.

Application of Coatings to a Metal Surface

One hundred grams of frit were suspended in about 750 milliliters
of water. The fine powder was violently stirred into a slurry by a high-
speed blender. No suspending agents were used, but the solids remained
in suspension long enough to be sprayed.

The metal disks were preheated to 500° F immediately before spray-
ing. Upon spraying, the water evaporated from the hot metal, and a thin
film of ceramic powder remained. The coating was built up to the desired
thickness by repeated passes with the spray gun.

After spraying, the disks were fired at 2000° F to fuse the ceramic
to the base metal. JMpon removal from the furnace, the specimens were
brought to room temperature on a water-cooled steel block.

The ceramic-bonded fluoride coatings were applied in essentially
the same way. . A measured amount of fluoride was mixed with the ceramic
frit, stirred into suspension, and sprayed. The firing temperature of
ZOOO6 F was above the melting point of the ceramic but below that of the
fluoride. Upon cooling, the ceramic solidified and acted to bind the
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fluoride particles to each other and to the substrate metal. A CaFo
overlay was applied to some of the ceramic-bonded CaFp coatings in the
following manner. A very thin CaFp film was sprayed on the coating with
an airbrush. This disk was baked at 1700° F for 4 minutes to sinter the

CaFo particles. A second CaFp spray followed by a 2%-minute bake at

1700° F was then applied. Finally, the overlay was burnished on a
flannel-covered polishing wheel impregnated with dry CaFo.

Diffusion-bonded ccatings were applied by spraying a slurry of Ca¥Fo
(or SrFs) and A1PO4 onto the preheated disks and heating to 1700° F to
sinter the fluoride particles and to promote diffusion of base-metal
oxide throughout the coating.

For all coatings, the thickness was held between 0.001 and 0.002
inch.

EXPERIMENTAL APPARATUS AND PROCEDURE

The apparatus used in performing the lubrication studies is shown
in figure 3. A detailed description is given in reference 12. Basi-
cally, a rotating disk is placed in sliding contact with a hemispheri-
cally tipped rider (5/16-in.—rad. hemisphere) under a normal load of 1
kilogram. The rider describes a 2-inch-diameter wear track on the disk.
Sliding is unidirectional and at a velocity of 430 feet per minute.
Friction torgue is measured with strain gages and continuously recorded.
All specimens were "run-in" with incrementally increased loads according
to the following procedure: 2 minutes at 200 grams, 2 minutes at 400
grams, 2 minutes at 600 grams, 2 minutes at 800 grams, and finally, 1000
grams for the remainder of the test.

Before each test, the rider and disk specimens were cleaned accord-
ing to the following procedure:

(1) Wash with acetone.

(2) Scrub with levigated alumina (omitted when cleaning disks to
avoid embedding alumina particles into coatings).

(3) Rinse with hot tap water.
(4) Rinse briefly with distilled water.
(5) Blot dry with filter paper.

(6) Store in desiccator.



RESULTS AND DISCUSSION

Three general types of coating were investigated, and their lubri-
cating properties were evaluated from 75° to 1500° F. They may be clas-
sified as fused ceramic coatings, diffusion-bonded or sintered fluoride
coatings, and ceramic-bonded fluoride coatings. Compositions of rider
and substrate metals used are given in table IIT.

Ceramic Coatings

A number of experimental ceramic coatings were formulated. The com-
positions and lubricating properties of a cobalt oxide (CoO) ceramic and
two barium oxide (BaO) ceramics are given in figure 4. The friction and
wear of cast Inconel sliding on unlubricated Inconel X and on Inconel X
lubricated with the various ceramics are compared. Over the temperature
range studied, all three coatings afforded a considerable reduction in
rider wear compared with the unlubricated metals. Friction coefficients
were 0.2 or higher in all cases. The CoQ coating was perhaps the most
interesting because it was the only one that gave a friction coefficient
less than 0.4 at all test temperatures. This coating could be useful for
high-temperature application in which wear reduction is a prime concern
and fairly high friction coefficients can be tolerated. The maximum ac-
ceptable friction coefficient for boundary lubrication is usually given
as 0.2. The values for this coating ranged from 0.24 to 0.36.

Diffusion-Bonded Fluoride Coatings

In an attempt to obtain lower friction coefficients, coatings of
metal halides were considered. Since the thermal-stability studies had
indicated that CaFp and SrFs were quite stable in air up to at least
2000° F, coatings containing these compounds were developed and their
lubricating properties were evaluated.

Table IV(a) gives the results of friction and wear tests obtained
with SrFp coatings containing 10 percent aluminum phosphate (AlPO4). At
1500° F, the friction coefficient was 0.10, but the coating failed in a
very short time. The failure point was taken as the time at which the
friction coefficient became erratic and increased in magnitude.

Figure 5 gives the friction coefficients obtained with cast Inconel
sliding on Haynes Stellite 21 and on Inconel X lubricated with CaFs coat-
ings containing 10 percent A1PO4. At 1500° F, friction coefficients be-

low 0.2 were obtained in some cases. Prolonged baking at 1500° to 1700° F

prior to testing improved the endurance life characteristics of the
coatings.
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The beneficial effect of prolonged high-temperature baking appears
to be attributable to the fact that high temperature promotes solid-state
diffusion. This has two important effects: First, sintering of the in-
dividual fluoride particles into a more coherent film is likely, and sec-
ond, oxides generated by oxidation of the metal surface at the ceramic-
metal interface diffuse throughout the coating. During the high-
temperature bake, an increase in the chromium oxide (Cr205) and possible
NiO content of the coating is easily observed as the color of the coating
gradually changes from pure white to green. The presence of a tenacious
oxide film at the coating-metal interface and the penetration of this
oxide throughout the entire thickness of the coating may contribute to
improved adherence and endurance properties.

The diffusion-bonded fluoride class of coatings was studied in only
a preliminary manner. It was tentatively assumed that a more practical
approach would be to develop a class of coatings with a more positive
bonding mechanism - a mechanism in which the bond strength would depend
primarily upon the initial firing of the coating on the substrate metal,
and not upon subsequent exposure time to temperature up to the maximum
test temperature (1500° F).

Ceramic-Bonded Fluoride Coatings

To obtain more positive bonding, the CoO-base ceramic previously
described was selected as a binder for CaFs and SrF2 coatings. SrFo and
CaFz coatings containing various percentages of binder were -evaluated.
The data of table IV(b) indicate that SrF2 coatings show little promise
as solid lubricants.

Figures 6(a) and (b) give the effect of binder to fluoride ratio on
the friction coefficients and endurance characteristics of CaFs coating:
at 5009, 1000°, 1200°, and 1500° F. 1In general, the best results were
obtained with the composition containing 25 percent binder (3 to 1 lubri-
cant to binder ratio). This composition did not fail in 50,000 cycles
(1 hr) except at 1500° F. No attempt was made here to determine the en-
durance limit of these coatings. For present purposes, coatings that
survived a l-hour test (50,000 cycles) were considered to have acceptable
endurance lives.

The results of a more detailed study of the lubricating properties
of the CaFp coating with 25 percent binder are given in figure 7. The
highest friction coefficient obtained was 0.26 at 75° F. The friction
coefficient gradually decreased with temperature to 0.11 at 1200° F, then
increased to an average value of about 0.15 at temperatures between 1300°
and 1500° F. Rider wear was low at all temperatures compared with the
wear obtained with unlubricated metals, but it was considerably greater
at 1500° F than at the lower temperatures.
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Increased wear and decreased endurance at 1500° F were not consid-
ered inherent characteristics of CaFs. They could be caused by some un-
desirable physical property of the coating such as porosity, which could
be expected to contribute to poor strength properties. Porosity was re-
duced by sintering and then burnishing a very thin CaFo layer on the
surface of the coating. The effect of this procedure was to fill the
microscopic voids in the surface with CaFsp.

The data of figure 7 show that the overlay had no significant effect
on the friction coefficient or rider wear at 1200° and 1350° F. However,
at 1500° F the effect of the overlay was to reduce the friction coceffi-
cient from 0.15 to about 0.06. Rider wear rate was reduced to about one-
tenth that obtained without the overlay. Table V shows that coatings
without a CaFo overlay failed before 50,000 cycles at temperatures above
1300° F, but those with the overlay did not fail in 50,000 cycles at
1300° and 1500° F. For purposes of comparison, the lubrication proper-
ties of a PbO coating (ref. 1) are given in figure 7. This coating can-
not be used above about 1250° F because it melts at about 1300° F.

Figure 8 gives the effect of temperature cycling on the friction co-
efficient of a CaFp coating with 25 percent binder and a sintered CalFp
overlay. The test was started at 650° F and the temperature was in-
creased to 1500° F, then allowed to decrease to room temperature. The
specimens were run for short time intervals at the temperatures indicated
by the data points, then stopped. This was done because of the long time
required to heat and cool the test apparatus over the indicated tempera-
ture range. The curve essentially duplicates that of figure 7 where dif-
ferent specimens were used for each data point. It confirms the conclu-
sion drawn from the data of figure 7 that the overlay produces a signifi-
cant decrease in friction from about 1350° to 1500° F but has no appre-
ciable effect on friction at lower temperatures.

SUMMARY OF RESULTS

This investigation was concerned with the formulation, application,
and evaluation of dry film lubricants for temperatures up to 1500° F.
Thermodynamic properties were among the main considerations in selecting
materials for study. The major results of this investigation were:

1. Of the various coatings investigated, the best overall lubricat-
ing effectiveness from 75° to 1500° F was obtained with a ceramic-bonded
CaFp coating on an Inconel X substrate. CaFo coatings containing 25 per-
cent binder gave friction coefficients of 0.26 at 75° F, 0.20 at 500° F,
and 0.15 at 1500° F. The addition of a thin surface film of pure CaFo
reduced the friction coefficient at 1500° F to 0.06, but gave the same
friction coefficients as coatings without the overlay from 75° to 1350° F.

6L8-H
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2. In the temperature range from 75° to 1500° F, several experimen-
tal ceramic coatings provided appreciable reduction in rider wear com-
pared with that obtained with unlubricated metals. Friction coefficients,
however, ranged from about 0.3 to 0.4. One of these ceramic compositions,
containing CoO as the main ingredient, was effectively employed as the
binder in ceramic-bonded CaFe coatings.

3. The thermodynamic properties of the halides and oxides were very
useful in selecting materials that would be chemically stable in air at
high temperatures. Thermochemical calculations indicated that only a few
of the many halides were sufficiently stable to merit detailed investi-
gation. Among these, CaPFp has so far been the most effective as the main
component in a dry film lubricant. In addition to good thermal stabil-
ity, CaFp has the desirable properties of low vapor pressure, low water
solubility, and a readily sheared crystal structure.

Lewis Research Center
National Aercnautics and Space Administration
Cleveland, Ohio, July 28, 13960
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APPENDIX - GLOSSARY OF TERMS

Enamel: A thin ceramic coating, usually of high glass content, applied
to a substrate, generally a metal.

Frit: A powdered ceramic prepared by fusing a physical mixture of oxides
into a uniform melt, which is then quenched and milled into a fine, ho-
mogeneous powder.

Fused ceramic: A ceramic body or coating prepared by heating ceramic
powders above the melting point, then cooling to form a coherent mass
or film.

Sintered ceramic: A ceramic body or coating prepared by heating a ceram-
ic powder below its melting point but at a sufficiently high tempera-
ture to cause interdiffusion of ions between contacting particles and
subsequent adherence at the points of contact.

Slip: A sprayable slurry prepared from a frit suspended in a liquid car-
rier (sometimes also used for dip and brush coating).

Softening range: An arbitrarily defined temperature range below the
crystal melting point where a ceramic becomes soft and noticeably vis-
cous; a softening range rather than a sharp melting point occurs in
ceramics containing a glass phase.

Vitrifying tendency: Tendency of the crystalline phase of a ceramic to
transform into an amorphous or glassy phase when subjected to aging or
temperature cycling.
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TABIE I. - THERMAL STABILITIES OF SOME METAL HALIDES IN AIR

[Powders of the compounds were contained in ceramic boats and exposed
to the indicated temperatures for 1 hour, then cooled in a desic-
cator. See footnote for exceptions. Compounds are listed in order

of decreasing stability in air.]

Compound | Tempera-| Compounds detected Appearance after test
ture, by X-ray diffrac-
oF tion after test
(a)
SrFo 2000 SrFo Powders sintered into a
porous mass
CaFy 2000 CaFyp Same results as SrFp
NiFs-4 Hy0 75 NiF5+4 Ho0 ILight green powder
500 NiFo Bright yellow powder
750 NiFs (W) Greenish-yellow powder
1000 NiO (W) Olive-drab powder
00012'3% H50 75 CoC12°3% Ho0 Deep red powder
500 CoCls Bright blue powder
750 CoCly + small amount|Bright blue with black
Coz04 powdery surface layer
1000 CoCly + Coz0y Bright blue powder under
(approx. equal thick black layer
amounts )
1300 00304 Black powder
FeCly-4 Hs0 75 FeCls* 4 H20 Brown powder
500 FeCls-2 HoO + Dark brown powder
small amount FezO4
750 Fe0z Dark red powder
NiCly*6 Hs0 75 NiCls+6 HoO Emerald-green powder
500 NiCl, (W) |Tan to yellow powder
750 NiCl, (W) |Tan to yellow powder
1000 NiQ Olive-drab powder
NiBr, b250 NiBrs + NiO Tan coating
b500 NiO Olive-drab coating
Y1000 Ni0 Olive-drab coating

®W signifies "weak" intensity of diffraction pattern may indicate pres-
2

ence of amorphous NizO4, which would dilute crystalline phases

identified.

These samples were exposed to air at the indicated temperatures as thin

films (0.002 in.) on Inconel.
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TABLE II. - PHYSICAL PROPERTIES OF SOME METAL HALIDES OF INTEREST

AS EXPERIMENTAL SOLID LUBRICANTS

Com- |Melting Solubility, g/lOO ml Crystal data Refer-
pound pognt, Cold water Hot water (a) ences
F
CaF, 2583 |omemmmmmmm e | o - 3
0.0016 (18° €)|0.0017 (26° C)|--=-==m=wmmmmmmm—a 13
____________________________ Cubilc with perfect
(111) cleavage
planes 6
SrF, ey PR PR PR RS s 3
0.011 (0° C) |0.012 (27° C) |-=-m===e-mmmmm—mm—e 13
---------------------------- Cubic (isometric
with CaFs,
lattice) 6
NiF, 1881 |-mmemmmmmmmmm— e o mm e [ m e e 3
---------------------------- Tetragonal 14
CoFyp 2196 |~mmmmmmmm e e e e 3
---------------------------- Tetragonal 14
FeFy 2012 |mmmmmmmmmmm— e mm e e | e 3
____________________________ Tetragonal 14
NiCl,| Sublimes
1809 | c-mmmmmmmmmmme | mmm e [ e 3
64.2 (20° ¢) |87.6 (100° C) |=mm-mm-mm- 13
---------------------------- Hexagonal 14
COCly| 1341 |=m==m=mmmmmmmofcmmmommmmmmees e oo 3
45 (7° C) 105 (96° C)  jm=m===—-- 13
---------------------------- Hexagonal 14
FeCly| 1251 |====mm-m=mmmmm) cmmmmmmmm oo | oo 3
64.4 (10° ¢) |105.7 (100° C)|-==m-m=—=- 13
---------------------------- Hexagonal 14
NiBrg| Sublimes
313 8 A O B B 3
112.8 (0° ¢) |155.1 (100° C)|-=--mmmum 13
---------------------------- Hexagonal 14
NiIlp | Sublimes
1377 | ==emmmmmemmmme] e | m e 3
124.2 (0° ¢) {188.2 (100° C)|===mmm=m- 13
---------------------------- Hexagonal 14

aHexagonal crystal structures for MXp compounds often have low shear

strength and a low friction coefficient because of relatively low
bond energies between the basal planes of the hexagonal platelets.
Cublc and tetragonal crystal structures are not generally assoclated
with low shear strength, but perfect cleavage planes as in CaF, might
contribute to an easily sheared structure suitable for use as a

solid lubricant.
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TABLE TII. - NOMINAL CHEMICAL COMPOSITIONS OF ALLOYS

USED IN THIS INVESTIGATION

Alloy Chemical composition, weight-percent

Ni Co

Cr |Fe | C |81 Mo A

1l |Mn | Cu |Nb|TL

Cast
Inconel |{Balance| -~--~

13.5 16 (0.2{2

--10.8/0.25] == |~=-

Inconel X|Balance| -—--

15 7T 10.4)0.4| ~mmmuea 0.7{0.5/0.2 |1 |2.5

HS-21 1.5-3.5| Bal~

ance

25-30{ 2.0}0. 3} =~~| 4.5-6. 5| -

TABLE IV. - LUBRICATING PROPERTIES OF STRONTIUM FLUORIDE COATINGS

[S1iding velocity, 430 ft/min; load, 1 kg; rider, cast Inconel
with 3/16-in.—rad. hemispherical tip; disk, Inconel X. ]

(a) With A1PO,

Coating Test Friction | Rider wear rate,
tempera-~ | coefficient cu in./hr
ture,
oF
SrFp plus 10 percent 1500 0. 10 Coating failed
Al1PO4 (as sprayed) in 3 min
SrF, plus 10 percent 1500 -——-- Coating failed
A1PO; (diffusion- immediately
bonded 1 hr at 1700° F)
(b) With ceramic binder
SrF, plus 10 percent 500 0.24 1.78x10-6
ceramic binder 1000 .30 Coating failed
in 5 min
1450 .14 Coating failed
in 13 min
SrF, plus 25 percent 500 0.32 34.0x10-6
ceramic binder 1500 . 37 236x10-6

6.8-d
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. CB=3 -

TABIE V.

- ENDURANCE PROPERTIES OF CERAMIC-BONDED CAICIUM FLUORIDE

COATINGS WITH AND WITHOUT CALCIUM FLUORIDE OVERIAY

[S1iding velocity, 430 ft/min; load, 1 kg; binder, 25 percent
enamel; base metal, Inconel X; rider material, cast Inconel
ground to a 3/16-in. rad. at one end.]

17

Tempera- Without overlay With overlay
tgre, Av. cycles to failure, [Number|Av. cycles to failure, | Number
F revolutions of revolutions of
tests tests
75 6. 5X10° 2
250 |11.0x10° 2
500 |No failure at 50X10° 2
750 |No failure at 50X10° 1
1000 |No failure at 50X10° 2
1200 |No failure at 50x103 2 | No fallure at 50x10° 1
1300 [48.0x10° 1 | No failure at 50x103 1
1350 |47.0x10° 2
1430 |33.0x10° 2
1460 |14.0x10° 1
1500 |17.5x10% 2 | No failure at 50X10° 3
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Standard free energy of reaction, AF%,

?;cal/g-a.tom oxygen

160
® MP Melting point of halide
» W ©SP Sublimation point of halide
== j ) =
== NEREEE == JSrF, + % 0, = S0 + Fy 3
- l _
120 e CaFZ + s O2 = Cal + Fz
rH
-
== NiF, EHTH L1, v
SEaiiaa g Cofppt (12 7 %2 = MO+ Ty
80 = — @t CoF, + 0, = Co0 + F, -
!Ferl + % 0p = Fe0 + Fy ]
\
1
40
10, = co0 s €1
CoCly + 2 Op = Co0 + Cly
COClz z
== T eCl, + £ 0, = Fe0 + C1
] = == =FeClp 2t 5 Ve 2
° === u = TINiC1p + % Op = Ni0 + Clp
oy i — l 1]
Cle NiBr, + £ O, = Ni0 + Bry
NiB 2 272
T NiBra
I T I LT
1 'Nilz III\I!J}_[!I!I4I(!IT[
| Nilp + 2 0, = N10 + T,
~40 ] LT R e SR S T S SR
300 600 900 1200 1500
Temperature, ok
500 1000 1500 2000

Temperature, °F

Figure 1. - Thermal stability of some metal halides of interest as experi-

mental solid lubricants. The relative positions of the curves give the
order of thermodynamic stability of the halides to which they correspond.
Positive AF‘%1 velues indicate the halide will not reset with oxygen to
form the oxide under standard conditions. Negative AF% values indicate
the halide will tend to form the oxide. (Stendard conditions are partial
pressures of gaseous phases involved in reaction equal to unity. )
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Friction coefficient

Wear rate, cu in, far
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| | 1 I 1 | | | | I |
Cast Inconel riders on unlubricated Inconel X (f1g. 4)
a] Ssme Metals lubricated with CaFp + 25% cersmic binder |
o] Same metals and lubricant plus sintered and burnished
CaFp overlay
8 o— - — M-1 100l Bteel riders on 440-C steel lubricated with
0.001l=inch PbO coating; cast Inconel riders used at
1250° F (ref. 1)
< — PO coating limited to oggout 1250° F; costing melts |
e —— between 1300° and 14 F
-\‘-\—
.6 — ~J
" \
\L \--———-—‘
~N
.\\
.2
1] [m]
~ g — —_————— |t - —+
— qa -
\u
(o]
102 —]
| o
'//
1074
j!
-7
4X10
o2 e o' S RN 1T 1.7
6 [~ i o —— e\l - ™~ -
1075 200 400 600 800 1000 1200 1400 8 1600
Temperature, op

Figure 7. - Effect of temperature on lubricating properties of ceramic-bonded calcium fluoride
coatings. Coating thickness, 0.001 to 0.002 inch; rider configuration, 3/16-inch-radius hemi-
sphere; sliding velocity, 430 feet per minute; load, 1 kilogram.
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